ABSTRACT An uni-directional antenna designed by resonance-based reflector has the merits of compact size, low-profile, and ultra-wide impedance bandwidth. However, its front to back ratio (FBR) bandwidth is narrow owing to the small reflection coefficient values at the high frequencies of the RBR in-phase band. To solve this problem, a ring-shaped director (RD) was placed above a resonance-based reflectorbased antenna to guide the high frequencies. Then, the FBR bandwidth was enhanced. The proposed antenna achieves a wide measured impedance bandwidth from 2.17 to 3.76 GHz (53.6%). Its FBR band (FBR >7 dB) covers the whole operational band and the FBR >10-dB band covers 2.17-2.58 GHz (17.3%). The proposed antenna consists of a bow-tie element, a ring-shaped resonance-based reflector under the bowtie element and an RD above the bow-tie element to form a sandwich configuration. The profile of the proposed antenna is only 0.16 λ at the lowest frequency of 2.17 GHz. To further evaluate the performances of the proposed antenna, the time-domain characteristics of the antenna were analyzed in terms of group delay, waveform response, correlation coefficient, and pulsewidth stretch ratio. Good time-domain characteristics were observed.
I. INTRODUCTION
In recent years, wide-band and compact antennas with unidirectional patterns have attracted much attention owing to the rapid developments of the wireless systems, such as borehole radar [1] , indoors communication [2] , remote sensing [3] , GPR (Ground penetrating radar) [4] and medical examination [5] , [6] . The common methods to transform a bi-directional or an omni-directional radiation pattern to a uni-directional one are using perfect electric conductor (PEC) reflector [7] , [8] and artificial magnetic conductor (AMC) reflector [9] - [11] .
A PEC reflector perfectly reflects incident microwave energy. Thus, good uni-directional radiation characteristic can be obtained by applying a PEC reflector to a bi-/omni-directional antenna. However, the phase of the reflected wave is 180 • out of phase to the incident wave at the PEC reflector surface. Therefore, the reflector must be λ/4 distance from the radiator to achieve constructive effect between the reflected wave and the direct radiated wave. Then, the antennas are high-profiles and their bandwidths are restricted by the wavelength-related distance between the PEC reflector and the radiator. The antennas in [7] and [8] have high-profiles of 0.29 λ and 0.25 λ, respectively. And, their impedance bandwidths are only 20.0% and 23.7%, respectively.
An AMC reflector has a major merit of in-phase reflection (0 • reflection phase) at the reflector surface. Thus, a radiator can be very close to an AMC reflector, theoretically, with constructive result. However, an AMC cell is usually a high-Q resonator that leads to narrow in-phase reflection (−90 • < ϕ < 90 • ) band. Besides, to have AMC characteristics, multiple AMC cells should be arranged together that may results in large antenna size. The total sizes of the antennas in [9] - [11] are 0.72λ×0.6λ, 0.53λ×0.53λ and 1.58λ×1.58λ, respectively. While the requirement for wide bandwidth and the coupling between the AMC reflector and the radiator require certain profile for the antenna. Then, the wideband antenna in [9] (36.2%) requires a profile of 0.19λ(λ/5.26), and the low-profile antennas in [10] and [11] have narrow bandwidths of 18% and 2%, respectively. Thus, new methods to design antennas with the characteristics of compact size, low profile, ultra-wideband (UWB), and unidirectional pattern are greatly desired.
In our previous work, a novel reflector called resonance based reflector (RBR) was proposed [12] . The RBR takes advantage of the resonant effect of a microwave resonator. The resonant effect makes impact to the surface impedance of the reflector, and then it achieves a reflection phase of 0 • < ϕ < 180 • in a very wide frequency band above the resonant frequency. Then, a wide in-phase reflection (−90 • < ϕ < 90 • ) band can be obtained at a certain distance that much smaller than λ/4 from the reflector. In this case, only one cell is needed. Thus, the RBR based uni-directional antenna (RBR-BA) has the advantages of compact size, lowprofile and wideband. The proposed antenna in [12] has a very wide impedance bandwidth (86.8%) and compact size (0.34λ × 0.34λ × 0.1λ). Unfortunately, as small reflection coefficients were observed at the high frequencies of the RBR, the front to back ratio (FBR) values of the RBR based antenna are small at the high frequencies (the bandwidth for FBR larger than 5 dB is only 37.2%). Then, the FBR bandwidth is much narrower than the impedance bandwidth.
In order to enhance the FBR bandwidth of the RBR based antenna, new method by loading a ring-shape director (RD) upon the antenna was studied in this paper. The RD is designed to guide the high frequencies waves. Then, the combined action of the RBR and the RD achieve a wide FBR bandwidth. Moreover, since the UWB antennas are usually excited by transmit/receive time domain transient pulse signals, time-domain characteristics of the proposed antenna includes group delay [13] , waveform response [14] , [15] , correlation coefficient [16] and pulse width stretch ratio (SR) [17] were studied to verify the effectiveness of the design.
A wide-band (53.6% impedance bandwidth) and lowprofile (0.16 λ) antenna with good uni-directional performances (FBR > 7 dB) was discussed in this paper. The rest of the paper was organized as follow. The section II shows the design processing of the proposed antenna and a brief analysis of the director was also carried in this section. The simulated and measured results were shown in section III. Moreover, the time-domain analysis has been carried in section IV. 
II. ANTENNA DESIGN

A. ANALYSIS
From [12] , a RBR is a resonator and it obtains in-phase characteristic above the resonant frequency, then, it can be operated in a wide frequency band above the resonance. As the ring RBR operates as two half-wavelength resonators, the circumference of the ring-shaped RBR should be a wavelength (λ) of the resonance [12] . Then, the RBR structure with a radius r g = 25.5 mm, a width r w = 4 mm and h a = 16 mm was simulated by the full wave electromagnetic simulation software CST Microwave Studio [18] . From the fields in Fig. 1 (a) , one ring RBR can be characterized as two half-wavelength resonators [12] . The local resonance features of the resonators signify that the characteristics of the RBR are dominated by the structure itself, and the periodical has small impact on the characteristics. Moreover, as shown in Fig. 1 (a) , the currents of the neighboring rings are equal and the energy interchanging (coupling) between the neighbors is ignorable. Thus, periodical boundaries can be set for the simulation model of the RBR as demonstrated in Fig. 1 (b) . The distance h a between the wave port 1 and the RBR is 16 mm. The PMC boundaries are assumed at the sides perpendicular to the y axis, the PEC boundaries are assumed at the sizes perpendicular to the x axis and the upper and bottom sides are assumed to be wave ports. Fig. 1 (c) shows the amplitude and phase of the S 11 . It is obvious that the reflection phase ϕ of the RBR achieves a wide in-phase reflection band (−90 • < ϕ < 90 • ) from 2 GHz to 4.5 GHz. However, the |S 11 | decreased with frequency increasing, which caused a poor performance of FBR at the high frequencies of the RBR-BA [12] . Thus, other technologies to improve the FBR of the high frequencies of the RBR-BA are desired.
One method to solve the above problem is by loading a director over the RBR-BA. The operational mechanisms of a director can be briefly introduced [19] . Assuming that there are two pairs of dipoles placed parallel as shown in Fig. 2 . The length of the dipole 1 and the dipole 2 are 2l 1 and 2l 2 , respectively. The distance between the two dipoles is defined as d, and the M is a point at the far field of the dipoles. Induced current would occurred at the dipole 2 when the dipole 1 was excited. The current on the dipole 1 is defined as I 1 , while the induced current on the dipole 2 is defined as I 2.
Then, the initial phase difference between the I 1 and the I 2 is assumed to be ϕ 0 , and the relationship between the I 1 and the I 2 can be defined as the Equation (1).
The m is the current amplitude ratio. Then, a wave pathdifference phase of βd between the I 1 and the I 2 is introduced. Thus, the total phase difference between the I 1 and the I 2 can be defined as Equation (2).
Where β is the phase constant, which can be defined as
In engineering applications, the distance d usually ranges from 0.1λ to 0.4λ, with the wave path-difference phase βd ranges from 36 • to 144 • . To have constructive radiations from the I 1 and the I 2 , the phase ψ should equals 0 • . Usually, the phase ϕ 0 is in the scope of −180 • < ϕ 0 < 0 • , then, a smaller distance d can be obtained with the ψ close to 0 • .
In addition, the two dipoles can be treated as an antenna array with two elements, thus, it can be found from [19] that
And, the current amplitude ratio m is
Where the Z 21 is the mutual impedance between the two dipoles, and the Z 22 is the self-impedance of the dipole 2, the R 21 and the R 22 , the X 21 and the X 22 are the resistance and reactance components of the Z 21 and the Z 22 , respectively. Thus, the initial phase difference ϕ 0 can be defined as
The arctan(X 21 / R 21 ) is the phase of the Z 21 , while the arctan(X 22 / R 22 ) is the phase of the Z 22 . It is obvious from the Equation (5) and (6) that the amplitude and phase of the I 2 can be controlled by adjusting the length of the dipole 2 or the distance between the two dipoles. Then, by adjusting these parameters, the phase of the Equation (2) can be zero for constructive effect, and the dipole 2 can be operated as director for dipole 1.
In this research, the dipole 1 was replaced by the RBR based bow-tie antenna as we would like to enhance its FBR bandwidth. The RBR based bow-tie antenna includes a ring RBR reflector and an improved bow-tie antenna. As demonstrated in Fig. 1 (a) , the currents of the ring RBR flow from the bottom and along the x-axis to the top, then, the ring RBR can be characterized as dual λ/2 resonators [12] . The improved bow-tie antenna includes a bow-tie patch and a ring resonator as shown in Fig. 3 (a) and Fig. 5 (a) . The ringloaded bow-tie antenna was previous investigated in [20] . From [20] , the currents on the bow-tie patch act like a dipole while the currents on the ring resonator also operates as dual λ/2 resonators. Then, to induce proper currents on the dipole 2 (director), it should be carefully chose based on the RBR based bow-tie antenna. It would be better that the dipole 2 has a ring shape, then, the radiated/reflected electric fields from the improved bow-tie antenna and the RBR can efficiently drive the electron of the ring-shape director (RD). The schematic view of the RD and the side view of an improved bow-tie antenna with the RD were depicted in Fig. 3 (a) and (b) , respectively. The radius of the ring is defined as r d , and the width of the ring is defined as w d . The ring is printed on a substrate F4B-M from a local factory with ε r = 2.65, radius r = 26 mm and thickness h = 1 mm. The distance between the RD and the bow-tie antenna is defined as h d . With the help of the CST Microwave Studio, all the parameters are optimized as r d = 9 mm, w d = 1 mm and h d = 6 mm.
As the RD mainly affects the high frequency characteristics, the current distribution of the RD and bow-tie antenna at 4 GHz was depicted in Fig. 4 , and the phase information of the maximum current was also indicated in Fig. 4 . It is obvious that the phase of the RD at 4 GHz is 40 • behind the phase of the bow-tie antenna. From the equations (2) and (3), the total phase difference between the bow-tie antenna and the RD is 12.2 • for 4 GHz. Then, the phase difference can be very small for the frequencies around 4 GHz. Thus, the RD can be a qualified director at 4 GHz.
B. DESIGN OF RBR-BAD
The RD is applied to a RBR based antenna for FBR enhancement as shown in Fig. 5 . Fig. 5 (a) shows the configuration of the bow-tie antenna and Fig. 5 (b) demonstrates the top view of the RBR. The side view of the proposed antenna (RBR-BAD) was shown in Fig. 5 (c) . It can be seen that a sandwich configuration is formed. The RBR is a good in-phase reflector for the incident low-frequencies electromagnetic waves, and the RD will guide the electromagnetic waves of high frequencies to its direction. Thus, it is supposed that the FBR band of the RBR based antenna extends to high frequencies. The optimized antenna parameters for wide impedance and FBR bandwidths were listed in TABLE 1. Note that, all of the components were fabricated on the F4B-M substrate with size 52 × 52 mm 2 , ε r = 2.65 and a thickness of 1 mm.
Note that, the impedance of the proposed antenna is about 75 , however, the output impedance of the measurement system (such as a vector network analyzer, VNA) is 50 . Therefore, an impedance transformer is needed for the measurement of the antenna. As the current of the antenna is balanced and the current on the SMA connector is unbalanced, the impedance transformer is also called as Balun.
As the designing process of the balun is very mature, only the performances of Balun were given in Fig. 5 (d) . As shown in the figure, the |S 11 | of the Balun is smaller than -15 dB for the range of 1 GHz to 5 GHz, while the S 21 is larger than -0.4 dB in the same frequency band. It must be pointed out that, the Balun is only designed for the measurement and it is not necessary for the antenna design or the antenna's specific applications. The fabricated prototypes of the antenna in separate figures were presented in Fig. 5 (e) for proper visualization.
C. RESULTS
The proposed RBR-BAD was simulated, fabricated and measured as shown in Fig. 6 . Note that, three plastic screws were used to support the layers. As the screws are small and the relative permittivity (ε r ) is about 1.8∼2.5, their impact on the antenna performances would be very small. The measurement was conducted by the Agilent N5230A network analyzer. Fig. 6 (a) shows the simulated and measured reflection coefficients of the RBR-BAD. As shown in the figure, the simulated impedance bandwidth is 2.17 GHz -4.01 GHz (59.5%), while the measured impedance bandwidth is 2.17 GHz -3.76 GHz (53.6%). The small discrepancy between the simulated and measured results may be caused by the error of the fabrication and assembling of the antenna. The simulated and measured FBR of the RBR-BAD were plotted in Fig. 6 (b) , and the simulated FBR curve of the RBR-BA was also pictured in the figure for comparison. For simplicity, only 6 points' FBR of 2.0 GHz, 2.5 GHz, 3.0 GHz, 3.5 GHz, 4.0 GHz and 4.5 GHz were measured to verify the simulated results. The simulated/measured FBRs of RBR-BAD are 7.0/7.1 dB, 10.1/9.4 dB, 7.5/7.1 dB, 7.6/7.2 dB, 7.7/7.8 dB, 7.5/7.5 dB for 2.0 GHz, 2.5 GHz, 3.0 GHz, 3.5 GHz, 4.0 GHz and 4.5 GHz, respectively, which shows reasonable agreement between the simulated and measured results. It is found that, VOLUME 5, 2017 both the simulated and measured FBRs are larger than 7 dB in the operational band (2.17 -3.76 GHz). It must be pointed out that the FBR >10 dB band covers the 2.05-2.58 GHz (22.9%) while the band meets both FBR >10 dB and |S 11 | < −10 dB is 2.17-2.58 GHz (17.3%). The whole profile of the RBR-BAD is only 0.16 λ.
The radiation patterns were measured in a microwave chamber with NSI2000 system. The simulated/measured patterns of 2.5 GHz, 3 GHz and 3.5 GHz were demonstrated in Fig. 7 (a), (b) and (c), respectively. It is clear that the measured patterns show good agreements with the simulated results in the main direction. A small error in the back direction is observed, which may be caused by the balun or the transmission cable of the measurement system. However, reasonable agreements were also obtained. As shown in the figures, uni-directional radiation patterns can be observed.
The realized antenna gains and efficiency of the proposed antenna were presented in Fig. 8 . As shown in the figure, the measured gain curve shows reasonable agreement with the simulated gain curve. In the operational band (2.17-3.76 GHz), the simulated gains range from 6.2-6.9 dBi, while the measured gains range from 5.4-6.6 dBi. Both the simulated and measured gains decrease quickly as the frequency out-off-band. From the figure, the simulated efficiency ranges from 0.97-0.99 in the operational band.
III. TIME-DOMAIN CHARACTERISTICS OF THE RBR-BAD
UWB antennas are usually employed to transmit/receive time-domain transient pulse signals, therefore, time-domain characteristics are also key indexes for UWB antennas [13] - [17] . To fully evaluate the performances of the RBR-BAD, several time-domain characteristics, such as the group delay, waveform responses, correlation coefficient and pulse width stretch ratio (SR) are performed. 
A. GROUP DELAY
In order to avoid waveform distortion in UWB applications, the group delay should be a constant in the operational band, then, the group delay is a crucial measure for waveform distortion. Fig. 9 (a) shows the simulation model and schematic view of the system of a two-port network. The simulation model utilizes face-to-face orientation antenna pairs with a distance of 60 cm to acquire the group delay. The simulated and measured group delay curves were shown in Fig. 9 (b) , and good agreement between them was observed. It is obvious that the group delay is very stable in the whole operational band (2.17 -3.76 GHz, 53.6%), and the variation of the measured group delay is less than 1 ns. Then, good waveform responses can be expected.
B. WAVEFORM RESPONSES
A waveform response presents a vivid impression for an UWB antenna' time-domain performance. To that end, waveform response of the RBR-BAD was also demonstrated in this section. Note that, the waveforms are also obtained by placing a pair of identical RBR-BADs face to face with a distance of 60 cm as shown in Fig. 9 (a) . As demonstrated in Fig. 10 (a) and (b) , the waveform curve of the receiving antenna is very similar to that of the transmitting antenna with very small tail. That means a good waveform response was observed at the receiving.
As an antenna is a frequency filter that radiates certain frequencies and reject the others. Moreover, as a wideband antenna operates in a wide frequency band and its impedance matching, radiation patterns and gains may varies in the band, the transmitting/receiving capacity of a wideband system may varies with frequency. Then, the frequency spectrum may be altered by the transmitting/receiving antennas. Therefore, comparing the input and output normalized frequency spectrum curves is beneficial to evaluate the antennas' time-domain characteristics. The frequency spectrums of the input signal and the output signal were also depicted in Fig. 10 (a) and (b) , respectively. Note that, the frequency spectrum curves were obtained by conducting Fourier transform on the corresponding waveforms. The input signal has a frequency spectrum from 2 to 4 GHz. It is found from the frequency spectrum curves that the frequency spectrum of the input and output signals are almost the same, then, the proposed antenna makes no harm for wideband signal transmitting and receiving.
C. CORRELATION COEFFICIENT
To quantitatively assess the waveform distortion of the antenna, it is preferable to resort to the correlation coefficient, which measures the correlation between the transmitting antenna input signal and the electric field intensity signals seen by virtual probes placed at suitably chosen locations in the transmitting antenna's far-field region. Assuming the input signal is s 1 (t) and the receiving signal is s 2 (t), then, the correlation coefficient ρcan be given by Equation (7), where τ is a delay that varied to make a maximum numerator [16] .
FIGURE 11. The schematic of the virtual probes simulation model.
Here, we acquire the receiving signal s 2 (t) by two ways. One way by placing virtual probes at the far-field (60 cm) of the transmitting antenna as shown in Fig. 11 and the signal is called electric field intensity signals. The other way is putting an identical RBR-BADs face to the transmitting antenna at a distance of 60 cm. The values of the correlation coefficient for the proposed RBR-BAD at different angles of both E-plane (yz-plane) and H-plane (xz-plane) were summarized in Table 
D. PULSE WIDTH STRETCH RATIO (SR)
In UWB communication systems, the temporal width of transmitted impulses plays an important role for high-speed data transmission. Therefore, calculating the pulse width stretch ratio (SR) has great significance to judge the capability of the proposed antenna. For a signal s(t), let the normalized cumulative energy function E s (t) be defined by Equation (8) [14] .
Then, after removing the first and the last 5% energy portions in the time axis, the pulse width stretch ratio SR for 90% energy capture is given by Equation (9) .
The SR values for the proposed RBR-BAD at different angles at the main lobe direction were calculated. The SR for E-plane (yz-plane) and H-plane (xz-plane) were listed in Table 3 . Note that, the perfect SR value is 1. Obviously, the SR value in the maximum radiation direction (0 • ) that acquired by virtual probe and face to face are 1.01 and 1.07, respectively, which means little stretch was happened. Furthermore, the SR values are smaller than 1.3 in the other directions of the main beam for both E-plane and H-plane.
IV. CONCLUSION
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